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ABSTRACT 
Magnetohydrodynamic (MHD) nanofluids boundary layer flow, is one of the fields 
of study that has caught the attention of many researchers due to the extensive 
applications of this flow in extrusion of plastics, the cooling of reactors, textile 
industry, polymer technology, metallurgy, geothermal engineering and liquid metals 
and plasma flows. This thesis investigates the convective heat transfer in 
magnetohydrodynamic boundary layer flow of nanofluids over various geometric 
surfaces (flat, vertical or wedge) subjected to different boundary conditions. Two 
models were used in this study: Tiwari-Das model that takes into account the effect 
of the volume fraction of nanoparticles and Buongiorno model that combines the 
effects of Brownian motion and termoforesis. Five problems are considered in this 
study taking into account the effect of various parameters such as the effect of the 
magnetic field, the volume fraction of nanoparticles, Brownian motion, 
thermophoresis, chemical reactions, thermal stratification and the presence of micro 
organisms and particles of carbon nanotubes (CNTs). In all cases, the mathematical 
models which resemble the physical flow of the problems are developed. The 
governing partial differential equations are reduced to a system of ordinary 
differential equations by using one of the following transformations: similarity 
transformation, local similarity transformation or local non-similarity transformation. 
These ordinary differential equations are then solved numerically using the shooting 
method for different boundary conditions. Numerical solutions for velocity, 
temperature and concentration profiles as well as the skin friction coefficient or local 
Nusselt number are obtained and presented either graphically or in tabular forms and 
the main features of the problems are discussed and analyzed. It is observed that the 
skin friction coefficient and the local Nusselt number which represents the heat 
transfer rate at the surface are significantly influenced by all the parameters studied. 
Using the Tiwari-Das model, the results indicate that increasing the volume fraction 
of nanoparticles increases the skin friction coefficient and the local Nusselt number. 
The results also showed that carbon nanotubes (CNTs) are the best particles to be 
dispersed in common based fluid due to its unique thermal properties and structure. 
Although producing the governing equations for the Tiwari-Das model is simpler 
than that of Buongiorno model, Tiwari-Das model ignores the velocity slip effect of 
nanoparticles which is important in explaining the existence of nanoparticles in the 
base fluid. Instead in Buongiorno model, these velocity slips are represented by the 
Brownian motion and thermophoresis parameters. However, results showed that both 
of these effects only affect the temperature and concentration profiles but not the 
velocity flow profiles. 
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ABSTRAK 
Aliran lapisan sempadan magnetohidrodinamik (MHD) bagi nanobendalir adalah 
salah satu bidang kajian yang telah menarik perhatian ramai penyelidik disebabkan 
aplikasinya yang sangat meluas seperti dalam penyemperitan plastik, penyejukan 
reaktor, teknologi polimer, metalurgi, kejuruteraan geoterma dan aliran logam cecair 
dan plasma. Tesis ini mengkaji pemindahan haba perolakan dalam aliran lapisan 
sempadan nanobendalir magnetohidrodinamik ke atas pelbagai permukaan geometri 
(rata, menegak atau baji) tertakluk kepada syarat sempadan yang berbeza. Dua model 
digunakan dalam kajian ini iaitu model Tiwari dan Das yang mengambil kira kesan 
pecahan isi padu nanozarah dan model Buongiorno yang menggabungkan kesan 
gerakan Brown dan termoforesis. Lima masalah dipertimbangkan dalam kajian ini 
dengan mengambil kira kesan pelbagai parameter seperti kesan medan magnet, 
pecahan isi padu nanozarah, gerakan Brown, termoforesis, tindak balas kimia, 
stratifikasi haba dan kehadiran organisma mikro dan zarah karbon nanotiub (CNTs). 
Dalam setiap masalah, model matematik yang menyerupai aliran fizikal diterbitkan. 
Persamaan pembezaan separa bagi persamaan menakluk diturunkan kepada sistem 
persamaan pembezaan biasa dengan menggunakan salah satu daripada penjelmaan 
berikut: penjelmaan keserupaan, penjelmaan keserupaan setempat atau penjelmaan 
tak-keserupaan setempat. Persamaan pembezaan biasa ini kemudiannya diselesaikan 
secara berangka menggunakan kaedah tembakan dengan syarat sempadan yang 
berbeza. Penyelesaian berangka bagi profil halaju, suhu dan kepekatan nanozarah 
serta pekali geseran kulit atau nombor Nusselt setempat diperoleh dan dibentangkan 
dalam bentuk graf atau jadual dan ciri utama bagi masalah dibincangkan dan 
dianalisis. Didapati bahawa pekali geseran kulit dan nombor Nusselt setempat yang 
mewakili kadar pemindahan haba di permukaan dipengaruhi oleh parameter-
parameter tersebut. Melalui model Tiwari-Das, keputusan menunjukkan bahawa 
peningkatan nilai pecahan isi padu nanozarah meningkatkan nilai pekali geseran 
kulit dan nombor Nusselt setempat. Keputusan  juga menunjukkan bahawa karbon 
nanotiub (CNTs) adalah nanozarah terbaik bagi membentuk nanobendalir 
disebabkan struktur dan sifat habanya yang unik. Walaupun penerbitan persamaan 
menakluk bagi model Tiwari-Das adalah lebih ringkas berbanding model 
Buongiorno, namun model Tiwari-Das mengabaikan kesan gelinciran halaju 
nanozarah yang merupakan aspek penting dalam menerangkan kesan kewujudan 
nanozarah dalam bendalir asas. Sebaliknya, model Buongiorno mengambil kira 
kesan gelinciran halaju yang diwakili oleh gerakan Brown dan termoforesis. Namun 
begitu, keputusan menunjukkan bahawa kedua-dua parameter ini hanya memberi 
kesan kepada profil suhu dan kepekatan tetapi tidak pada profil halaju. 
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CHAPTER 1 
INTRODUCTION 
1.1 Heat Transfer 
Heat transfer is a process that focuses on the temperature and heat flow, each 
representing a turnover of thermal energy and the movement of energy from one 
place to another. Heat transfer is energy changes caused by temperature difference 
inside a medium or between a medium. The heat transfer rate in a direction depends 
to the magnitude of the temperature gradient (temperature change per unit length or 
the rate of temperature change) in that direction. The greater the temperature 
gradient, the higher the rate of heat transfer. Temperature variations may exist within 
fluid due to temperature difference between boundaries or between a boundary and 
ambient fluid. Temperature variations can also arise from a variety of causes such as 
radioactivity, absorption of thermal radiation and release of latent heat as fluid vapor 
condenses. The problem of determining temperature distribution and heat flow is of 
interest in many branches of science and engineering. In the design of heat 
exchangers such as boilers, condensers, radiators, etc., for example, heat transfer 
analysis is essential for sizing such equipment. In the design of nuclear-reactor cores, 
a thorough heat transfer analysis of fuel elements is important for proper sizing of 
fuel elements to prevent burnout. In aerospace technology, the temperature 
distribution and heat transfer problems are crucial because of weight limitations and 
safety considerations. In heating and air conditioning applications for buildings, a 
proper heat transfer analysis is necessary to estimate the amount of insulation needed 
to prevent excessive heat losses or gains. Heat transfer can never be stopped; it can 
only be slowed down. Heat transfer occurs in three different ways, namely 
conduction, convection and radiation (Schlichting and Gersten, 2000). 
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1.1.1 Conduction 
Conduction is the mode of transfer in which heat energy exchange takes place from a 
region of higher temperature to a region of lower temperature by 
microscopic diffusion and collisions of particles within a body or between 
contiguous bodies. The microscopically diffusing and colliding objects include 
molecules, atoms, electrons, and phonons. In other words, heat is transferred by 
conduction when adjacent atoms vibrate against one another, or as electrons move 
from atom to atom. Conduction is greater in solids, where atoms are in constant 
contact. In liquids (except liquid metals) and gases, the molecules are usually further 
apart, giving a lower chance of molecules colliding and passing on thermal energy. 
In solid which is a good electric conductor, a large number of free electrons move 
about in the lattice, hence materials that are good electric conductors are generally 
good heat conductors (i.e. copper, silver, etc.).Conduction does not occur at all in a 
perfect vacuum. In conduction, the heat flow is within and through the body itself. 
1.1.2 Convection 
Convection refers to heat transfer that will occur between a surface and a moving 
fluid when they are at different temperatures. The transfer of heat by convection 
involves the transfer of energy from the surface to the fluid on a molecular scale and 
then the diffusion of this heat through the fluid by bulk mixing due to the fluid 
motion. Different from conduction, the current flow of liquid are additionally and 
greatly involved in the process of convection. This movement occurs into the liquid 
or within liquid, and cannot happen in solids. In a solid, the molecules maintain their 
relative positions so that bulk movement or flow could not occur, and therefore 
prevents convection. Convection occurs in two forms: natural (free) convection and 
forced convection. 
In natural convection, fluid surrounding the heat source receives heat, 
becomes less dense and rises. The cooler fluid then moves to replace it. This cooler 
fluid is then heated and the process continues forming convection current. The 
driving force for natural convection is buoyancy, a result of differences in fluid 
density when gravity or any type of acceleration is present in the system. 
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Forced convection, by contrast, occurs when pumps, fans or other means are 
used to propel the fluid and create an artificially induced convection current. Forced 
heat convection is sometimes referred to as heat advection, or sometimes advection 
for short. In some heat transfer systems, both natural and forced convections 
contribute significantly to the rate of heat transfer. This is called mixed convection. 
To calculate the rate of convection between an object and the surrounding 
fluid, engineers employ the heat transfer coefficient, h. The rate of transfer is given 
by Newton’s Law of Cooling.  
  TThq ws  
where h is the convective heat transfer coefficient, Tw is surface temperatures of the 
wall and T∞ is the bulk fluid temperature. Convection coefficient, h, is the measure of 
how effectively fluid transfers heat through convection. It is measured in 
W/m
2
K.The heat transfer coefficient is not a material property. The heat transfer 
coefficient depends on the geometry, fluid density, viscosity, temperature, velocity, 
and other characteristics of the system in which convection occurs. Therefore, the 
heat transfer coefficient must be derived or found experimentally for every system 
analyzed. 
1.1.3 Radiation 
Radiation is a mode of heat transfer through electromagnetic radiation. All bodies 
emit energy continuously due to their temperature, and the energy released is called 
thermal radiation. According to Maxwell's classic electromagnetic wave theory, the 
radiation energy emitted by a body is transmitted to the space in the form of 
electromagnetic waves. Hot or cold, all objects radiate energy at a rate equal to their 
emissivity times (the rate at which energy would radiate from them if they were a 
black body). When a large proportion of the incident radiation is attenuated within a 
very short distance from the surface, we can conclude that radiation is being 
absorbed or emitted by the surface. For example, thermal radiation that occurs on the 
surface of the metal is weakened within a distance of a few angstroms from the 
surface; therefore the metal is opaque to thermal radiation. No medium is necessary 
for radiation to occur; radiation works even in and through a perfect vacuum. The 
energy from the Sun travels through the vacuum of space before warming the earth.  
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1.2 Boundary Layer Concept 
Boundary layer refers to a thin layer adjacent to the surface of the body. In this thin 
layer viscous effects cannot be ignored. This theory was introduced by Ludwig 
Prandtl in 1904. He pointed out that the flow of liquid can be divided into two parts, 
inviscid flow is the main part (large parts) and viscous flow is a thin layer adjacent to 
the surface of the object. In a thin layer, the frictional force must be considered 
(viscosity forces play significant role), while for areas outside this layer, the friction 
force is very small and can be ignored (viscosity force can be neglected) (Schlichting 
and Gersten, 2000). 
The influence of viscosity forces may explain the occurrence of the liquid 
adhering to the surface of the body, and the adhesion of the liquid cause friction on 
the surface. The fluid velocity immediately adjacent to the surface is zero and the 
fluid layer next to the surface becomes attached to the surface (it wets the surface). 
This is referred to as the ‘no slip condition’. The layers of fluid above the surface are 
moving hence shearing takes place between the layers of the fluid. The shear stress 
acting between the wall and the first moving layer next to it is called the wall shear 
stress and is denoted by w . In this thin layer, the velocity of the flow past the body 
at rest changes abruptly, increasing from zero to the value of the velocity in the 
external current. The fluid velocity u increases with height y (see Figure 1.1). The 
boundary layer thickness δ is defined as the distance from the boundary to the height 
above the surface at which the velocity becomes 99% of the free stream velocity Uo 
(Kakac, Pramuanjaroenkij and Yener, 2014). 
The thickness of the boundary layer is a function of the ratio between inertial 
forces and viscous forces, that is, the Reynolds number. At low Reynolds number, 
viscous forces govern the entire boundary layer and the flow is laminar. However for 
high Reynolds number inertia forces dominate the boundary layer and fluid becomes 
turbulent (Kakac et al., 2014).  
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Figure 1.1: Velocity, u variation with height y for a typical boundary layer 
There are three types of boundary layers; hydrodynamic (velocity) boundary layer, 
thermal boundary layer and concentration boundary layer. Hydrodynamic boundary 
layer may be defined as the region in which the fluid velocity changes from its free 
stream flow value to zero at the body surface. Heat will flow between a wall and the 
fluid adjacent to it when a temperature gradient is established between the wall and 
the fluid. When fluid velocity increases from zero at the surface to the mainstream, 
the temperature changes from the wall in the free stream. This results in equal fluid 
temperature to the surface temperature of the wall at the interface and is equal to the 
bulk fluid temperature at some point in the fluid. This thin region is known as the 
thermal boundary layer. The concentration boundary layer develops when there is a 
difference in concentration of a component between the free stream and the surface. 
A concentration profile develops, and the thickness of the concentration boundary 
layer is defined as that point at which the difference in concentration between the 
fluid and the surface is 99% of the difference in concentration between the free 
stream fluid and the surface. The concept of boundary layer is sketched in Figure 1.2. 
 In the types of flows associated with flat plate body, a boundary layer is very 
thin compared to the size of the body. Boundary layer is a region with very large 
velocity gradients. According to Newton’s shear stress law, the shear stress is 
proportional to the velocity gradient; the local shear stress can be very large within 
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the boundary layer. As a result, the skin friction drag force exerted on the body is not 
negligible (Kakac et al., 2014). 
 
 
Figure 1.2: Boundary layers over a flat plate 
1.3 Nanofluids 
Thermal conductivity of fluid indicates the ability of fluid to conduct or transmit 
heat. The thermal conductivity of heating or cooling fluids is a very important 
property in the development of energy-efficient heat transfer systems. In all 
processes involving heat transfer, the thermal conductivity of the fluids is one of the 
basic properties taken into account in designing and controlling the process (Sadollah 
et al., 2010). Heat transfer fluids (HTFs) provide many industrial applications 
including power generation, chemical production, air-conditioning, transportation, 
biotechnology and microelectronics. However, conventional heat transfer fluids such 
as water, oil and ethylene glycol exhibit very poor thermal conductivity, which 
hinder an increase in performance and compactness of the heat exchanger. With the 
rising demands of modern technology for process intensification and device 
miniaturization, there is in need to develop new types of fluids that can improve heat 
transfer ability.  
Since solid materials have higher thermal conductivities than fluids (see 
Figure 1.3), it is only logic to increase the thermal conductivity of fluids by 
  T
  C  
T  
C
U a   
Thermal 
boundary 
layer 
Concentration 
boundary        
layer 
Velocity 
boundary 
layer 
wT  wC
x
y  
w  
U 
7 
 
suspending solid particles in a base cooling fluid. This is an option suggested more 
than a century ago. Maxwell in 1873 was a pioneer in this area who initiated a novel 
concept of dispersing solid particles in base fluids to break the fundamental limit of 
heat transfer fluids having low thermal conductivities. At the very beginning, solid 
particles of micrometer or even millimeter magnitudes were blended into the base 
fluids to make suspensions or slurries. Unfortunately, using large solid particles led 
to some major problems which substantially limit its practical applications. 
a)  Large particles are easy to settle out from the base fluids, especially in low 
speed circulation, not only losing the enhancement in thermal conductivity 
but forming a sediment layer at the surface. This increases the thermal 
resistance and impairs the heat transfer capacity of the fluids. 
b)  The large size of the particles or the agglomerates of these particles causes 
severe clogging problems, especially at low circulation rate of fluids or in 
microchannels. 
c)  Large particles and the agglomerates in fluid flows carry too much 
momentum and kinetic energy, which may cause damage to the surface. 
d) The erosion of the pipelines by the coarse and hard particles increases rapidly 
when the speed of the circulation increases. 
e) Enhancement in conductivity is based on the concentration of particles. High 
particle concentration leads to a significant increase in viscosity. The pressure 
drop in liquid (slurries) increased significantly due to higher viscosity of 
fluid. 
           (Das, Choi and Pradeep, 2007) 
In 1995, since modern materials technology provided the opportunity to process and 
produce materials with average crystallite size below 50 nm, Choi (1995) has 
proposed a term ‘nanofluids’ referring to a new class of fluids engineered by 
dispersing nanometer-sized ( 100 nm) materials in conventional heat transfer fluids. 
Metals (Ag, Cu, Fe, and Au), metal oxides (Al2O3, CuO), nitride ceramics and 
carbon nanotubes have been used to produce nanofluids. These nanoparticles can 
possess properties that are substantially different from the parent material in 
mechanical, thermal, electrical and optical properties. They exhibit enhanced thermal 
conductivity and the convective heat transfer coefficient compared to the base fluid 
(see Figure 1.3). Compared to micro-fluids or milli-fluids, nanofluids show better 
stability for practical applications without causing problems as mentioned. The best 
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characteristic of nanofluids is that even by the addition of small amount of 
nanoparticle, they show anomalous enhancement in thermal conductivity over 10 
times more than theoretical prediction. Eastman, Choi, Li, et al. (2001) reported a 
40% thermal conductivity increase in ethylene glycol by adding only 0.3%by volume 
of copper nanoparticles with a diameter smaller than 10 nm. Experiments on 
convection heat transfer of nanofluids were conducted by several research groups 
(Buongiorno 2006; Chein and Huang 2005; Etemad et al. 2006; Kim et al. 2004a; 
Said and Agarwal 2005; Xuan and Li 2003). The experimental results showed 
significant improvements of heat transfer rates of nanofluids. Meanwhile, the 
thermal conductivity enhancement of nanofluids show a temperature-dependent 
characteristic (increase of enhancement with rising temperature), which makes the 
nanofluids more suitable for applications at elevated temperatures (Das et al. 2003; 
Yang and Han, 2006). The improved thermal transport properties of nanofluids 
improve the efficiency of heat exchange, reduce the size of the systems, save pump 
power, reduce operational cost and provide safer margins (Han, 2008). 
By suspending nanosized particles in heating or cooling fluids, the heat 
transfer performance of such fluids can be significantly improved due to the 
following reasons (Shanti et al., 2012): 
a) The suspended nanoparticles increase the surface area for heat transfer and 
the heat capacity of the fluid. 
b) The suspended nanoparticles increase the effective thermal conductivity of 
the fluid. 
c) The interaction and collision between particles, fluid and the surface of the 
flow channel can be increased. 
d) The mixing fluctuation and turbulence of the fluid are intensified. 
e) The dispersion of nanoparticles flattens the transverse temperature gradient of 
the fluid. 
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Figure 1.3: Thermal conductivity of materials (Shanti, 2012) 
 
Nanofluids possess the following benefits compared to conventional heat transfer 
fluids, as well as fluids containing micro-sized metallic particles: 
a)  Greatly improved heat conduction.  
Nanofluids demonstrate higher thermal conductivities than the base fluid due 
to several factors. The large surface area of nanoparticles per unit volume 
allows more heat transfer between solid particles and base fluids. Other than 
that, the high mobility of the nanoparticles due to the tininess may lead to 
micro-convection and stimulate heat transfer. The micro-convection and 
increased heat transfer will increase dispersion of heat in the fluid at a faster 
rate. Furthermore, it has been reported that the thermal conductivity 
enhancement in nanofluids increases significantly with rising temperature, 
which also indicates Brownian motion (Evans et al. 2006; Prasher et al. 
2005; Prasher et al. 2006). 
b)  Higher stability.  
Due to the smallest size of nanoparticles, they are stably staying in the liquid 
phases with less chances of sedimentation. Also, the Brownian motion of 
nanoparticles (the random thermally driven movement of particles suspended 
in a fluid) can increase the stability of the suspension. 
 
2300 
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c)  Elimination of clogging.  
Nanoparticles are only composed of few hundreds or thousands of atoms, 
about 1 ~ 100 nm in diameter, smaller than the microchannels. Therefore they 
will be ideal for microchannel applications where high heat load is 
encountered without any clogging.  
d)  Reduction of erosion.  
Nanoparticles are very small and do not carry so much momentum as micro- 
or macro- particles, and thus the momentum and the kinetic energy which 
will impart to solid surfaces is small. Consequently, the erosion of 
components, such as pipelines, pumps and heat exchangers, will be greatly 
reduced.  
e)  Smaller pressure drop and reduction in pump power.  
Due to the large specific surface area, nanoparticles have demonstrated high 
effectiveness to enhance thermal conductivity of fluids. It is proof that a 
small concentration of nanoparticles is required to achieve similar 
enhancements with larger particle suspensions. When less material is needed, 
the viscosity increase is smaller and the pumping power required is reduced. 
The pumping power must go up by tenfold in order to increase the heat 
transfer of conventional fluids by a factor of two, but if the thermal 
conductivity of fluids is enhanced three times, the heat transfer rate has 
already doubled. Therefore, a large increase in thermal conductivity of fluids 
can save lots of pumping power (Das et al., 2007; Han, 2008). 
 
For their excellent characteristics, nanofluids are potentially useful in many 
applications in heat transfer, including microelectronics, fuel cells, pharmaceutical 
processes, hybrid-powered engines, Engine cooling/vehicle thermal management, 
domestic refrigerator, chiller, heat exchanger and nuclear reactor, in grinding, in 
machining, in Space, defense and ships and in Boiler flue gas temperature reduction 
and so on (Uddin, Khan and Md. Ismail, 2012b). 
Theoretical studies to predict the effective thermal conductivity has also been 
done by constructing an appropriate model such as a model proposed by Khanafer et 
al. (2003), Buongiorno (2006), Tiwari and Das (2007), Nield and Kuznetsov (2009) 
and Kuznetsov (2010). However, in this study only the model proposed by 
Buongiorno (2006) and Tiwari and Das (2007) will be considered. 
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1.3.1 TIWARI AND DAS MODEL 
This model is a single-phase model that uses Maxwell-Garnet thermal conductivity 
and viscosity model proposed by Brinkman in 1952. In a single-phase model, the 
base fluid and nanoparticles are assumed to be in thermal equilibrium, the local flow 
velocity is equal and no-slip condition. Factors affecting heat transfer in this model is 
the volume fraction of nanoparticles. The effective thermal conductivity of nanofluid 
increases with increasing volume fraction of nanoparticles (Behi and 
Mirmohammadi, 2012), but with increasing volume fraction of nanoparticles, the 
nanoparticles may no longer be in a state of suspended or dependencies between 
each other. Therefore, only small quantities of volume fraction are necessary to 
ensure its effectiveness (Jang and Choi, 2007). 
1.3.2 BUONGIORNO MODEL 
Buongiorno model is a two-phase model. In the two-phase model, the slip velocity of 
the base fluid and nanoparticles are not equal to zero due to several factors such as 
gravity, friction between the base fluid and nanoparticles, Brownian motion and 
thermophoresis. Buongiorno (2006) considers seven-slip mechanism that produces a 
relative velocity between the nanoparticles and the base fluid: inertia, Brownian 
motion, thermophoresis, diffusiophoresis, Magnus effect, fluid drainage and gravity 
settling. Out of all these mechanisms, only Brownian motion and thermophoresis 
were found important for slip mechanism in this model. Conservation equations of 
Buongiorno model are based on these two effects and the factors influences heat 
transfer in this model are 
(a) Brownian motion: a random movement of particles within the base fluid (a 
liquid or a gas). This motion results from continuous collision between the 
particles and the base fluid molecules (Buongiorno, 2006). Brownian motion 
only exists when the size of the particles in the fluid are extremely small, and 
as the size of the particles gets larger, Brownian motion effects diminish 
(Wang and Mujumdar, 2008). 
(b) Thermophoresis: occurs because of the kinetic theory in which higher energy 
molecules in a hotter region of liquid impinge on the molecules with greater 
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momentum than molecules from a cold region. This leads to the movement of 
particles in the direction opposite to the temperature gradient, from hot areas 
to cooler areas. 
1.4 Magnetohydrodynamics 
Magnetohydrodynamics (MHD) (magnetofluiddynamics or hydromagnetic) is the 
academic discipline which studies the macroscopic interactions of electrically-
conducting fluids with a magnetic field. As the magnetic field cut the moving fluid 
changes, electric current is induced in the fluid. Examples of such fluids include 
plasmas, liquid metals, and salt water or electrolytes. The word magneto 
hydrodynamics (MHD) is derived from magneto-meaning magnetic field, and hydro- 
meaning liquid, and dynamics- meaning movement. The field of MHD was initiated 
in 1942 by Hannes Alfvén, for which he received the Nobel Prize in Physics in 1970 
(Jacob et al., 2012). 
The idea of MHD is that magnetic fields can induce currents in a moving 
conductive fluid, which create forces on the fluid, and also change the magnetic field 
itself. The set of equations describing MHD are a combination of the Navier-Stokes 
equations of fluid dynamics and Maxwell's equations of electromagnetism. These 
differential equations have to be solved simultaneously, either analytically or 
numerically. When a conducting fluid moves through a magnetic field, a Lorentz 
force will act on the fluid and modify the motion. In MHD, the motion modifies the 
field and in turn it reacts and modifies the motion. This makes the theory highly non-
linear. When nanofluid is in the influence of magnetic field a retarding force acts on 
the flow. This force moves in the opposite direction of the flow, and decelerates the 
velocity of the fluid motion. 
Many natural phenomena and engineering problems are susceptible to MHD 
analysis. Since magnetic field exists everywhere, MHD phenomena must occur 
whenever conducting fluids are available. Electrically conducting fluids are abundant 
in nature, although their conductivities vary greatly. On the other hand, MHD has 
special technical significance because of its frequent occurrence in many industrial 
applications such as MHD generators, plasma confinement, pumps, liquid-metal 
cooling of nuclear reactors, geothermal energy extractors, thermal insulators, nuclear 
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waste disposal, heat exchangers, petroleum and polymer technology, and heat 
transfers involving metallurgical processes. Besides that, MHD also gives a great 
impact in the study of geophysics and astrophysics. 
1.5 Chemical Reaction  
A chemical reaction is a process involving one more reactants, characterized by a 
chemical change and yielding one or more products which are different from the 
reactants. A chemical change is defined as molecules attaching to each other to form 
larger molecules, molecules breaking apart to form much smaller molecules, or 
rearrangement of atoms within molecules.  
Chemical reactions can be codified as either heterogeneous or homogeneous 
processes. It depends on whether they occur at an interface or as a single phase 
volume reaction. In well-mixed systems, the reaction is heterogeneous if it takes 
place at an interface, and homogeneous, if it takes place in solution. On the other 
hand, in most cases of real chemical reactions, the reaction rate depends on the 
concentration of the species itself. A reaction is said to be of first order, if the rate of 
reaction is directly proportional to concentration. In many chemical engineering 
processes, there is the chemical reaction between a foreign mass and the fluid. These 
processes take place in many industrial applications such as food processing, 
manufacturing of ceramics and polymer production (Muthucumaraswamy and 
Meenakshisundaram, 2006). 
1.6 Nanofluids Bioconvection 
Bioconvection is a phenomenal respond to a macroscopic convective motion of fluid 
driven by the collective motion of a large number of self-propelled motile 
microorganisms. Unlike traditional or normal flow where particles are not self-
propelled, they are just carried by the flow. These microorganisms respond to stimuli 
by swimming, relative to the external stimulus. Due to the swimming activities of 
motile microorganisms toward stimuli, bioconvection patterns are initiated. The 
process of pattern formation begins when the upswimming microbiological 
organisms that are denser than the surrounding fluid gather near the upper surface. 
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When the upper surface of the suspension is too dense due to the accumulation of 
these microorganisms, unstable density occurs and the heavier microorganisms sink 
into the fluid. They were replaced by upwardly swimming microorganisms causing 
bioconvection process within the system. The direction of swimming motion or taxis, 
of microorganisms depends on the species of microorganism.  
 Gyrotaxis (Gyrotactic microorganism):  direction of swimming is determined 
by the balance between viscous torque and gravitational torque. 
 Oxytaxis (Oxytactic bacteria):   swims towards oxygen concentration. 
 Gravitaxis or Geotaxis:   responds to a gravitational field. 
 Phototaxis:   moves towards or away from a light intensity. 
 Chemotaxis:   responds to chemical gradients. 
 Rheotaxis:   responds to shear in the ambient flow. 
 Magnetotaxis (magneto tactic bacteria):   microorganisms contain magnetic 
particles which cause them to swim along magnetic field lines. 
(Karimi and Ardekani, 2013; Padley and Kessler, 1992) 
 
Bioconvection has potential applications in microfluidic devices, 
pharmaceutical, biotechnology and bio-microsystems such as enzyme biosensors, 
since adding motile microorganisms to the suspension are very helpful for mass 
transport enhancement and inducing microscale mixing in fluid microvolumes, 
which are important issues in many microsystems (Kuznetsov, 2006; Kuznetsov, 
2010). A possible biomedical link also uses bioconvection for faster dissolving of 
solid particles as well as bioconvection to improve nanofluids stability (Mutuku and 
Makinde, 2014).  
1.7 Thermal Stratification 
Thermal stratification refers to the layering of bodies of fluid based on their 
temperature due to the change in fluid density with temperature. As fluid heats and 
cools, it expands and contracts, changing in density. Cold fluid is denser than warm 
fluid, so that the higher densities are found below lower densities. Each layer of fluid 
is stacked on each other with the warmest water on top and the coldest at the bottom. 
This vertical layering produces an obvious gradient of properties in vertical 
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direction, which affects mostly the velocity compared to other fields. Stratification of 
fluid occurs not only for temperature variations but also for concentration differences 
or for the presence of different fluids with different density (Bahben and Rudra, 
2009). 
The dynamics of flows in a thermally stratified fluid is crucial and arises in 
many fields, ranging from industrial settings such as nuclear reactor and solar storage 
tank, to the oceanic (within lakes and ocean) and as well as in atmospheric 
environments (Singh et al., 2010). 
1.7.1 Stratification Due to Thermal Radiation 
Stratification of fluid due to the temperature difference resulting from the radiation 
stems from heated surfaces (for example, a vertical plate, a wedge surface, horizontal 
plate, etc.). The heated plate/surface acts as a source of radiation. Hence, the fluid 
near the wall receives radiation from the heated wall higher than the fluid far from 
the wall.  
1.7.2 Stratification Due to Solar Radiation 
A solar radiation is radiation coming from the sun. In this process, the sun is a source 
of radiation. The radiation causes a temperature gradient in the fluid which 
ultimately leads to the stratification of the fluid. Hence, the fluids near the wall 
receive less solar radiation compared to the fluid far from the wall. So, the effect of 
solar radiation to the fluid near the wall will be reduced. 
1.8 Porous Medium 
A porous medium is a material which contains a number of pores (small holes or 
voids) distributed throughout the matter. The skeletal portion of the material is often 
called the "matrix" or "frame". The pores are typically filled with a fluid (liquid or 
gas).  
According to Dullien (1979), a substance or structure can be categorized as a 
porous material if they meet one of two essential characteristics. The first 
characteristic is the material or structure must have spaces called pores, voids or 
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capillaries which are free from any solid and the pores must be embedded in a solid 
or semi-solid matrix. The pores should contain a fluid such as air, water, oil or a 
mixture of different fluids. The second feature that determines the porosity of the 
material is that the material or structure must be permeable or fluid can seep through 
it. If both of these criteria are satisfied, then the material can be classified as 
permeable porous material. 
There are examples of natural porous medium such as beach sand, rye bread, 
wood, filter, loaf of bread, animal fur, biological tissue (bones, skin) human lung, 
gall bladder and bile with stones, building materials (sand, cement, plaster board, 
brick), in petroleum production engineering and in many other processes as well. 
Flows through porous medium occur in filtration of fluids and seepage of 
water in river beds. Movement of underground water and oils are some important 
examples of flows through porous medium. An oil reservoir mostly contains 
sedimentary formation such as limestone and sandstone in which oil is entrapped. 
Another example of flow through porous medium is the seepage under a dam which 
is very important.  
Furthermore, porous media play important roles in technology and, 
conversely, many different types of technology that depend on or make use of porous 
media. The most important areas of technology that, to a great extent, depend on the 
properties of porous media are (1) hydrology, which relates to water movement in 
earth and sand structures such as dams, flow to wells from water-bearing formations, 
intrusion of sea water in coastal areas, filter beds for purification of drinking water 
and sewage; and (2) petroleum engineering, which is mainly concerned with 
petroleum and natural gas production, exploration, well drilling, and logging.  
1.8.1 Darcy Flow and Non-Darcy Flow 
The behavior of fluid flow in porous media is described by Darcy's law. Darcy’s law 
depicts a linear relationship between velocity rate and pressure gradient. Fluid flow 
through a porous medium can be classified into two types; (1) the Darcy flow and (2) 
the non-Darcy flow. Fluid that complies with the Darcy’s law is known as Darcy 
Flow while the fluid flow deviated from Darcy’s law is known as non-Darcy flow.  
Extensive studies have been conducted and it was found that Darcy's law is 
not obeyed by the fluid flow at high speed and the flow of gas at very low and very 
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high speed (Kaviany, 1995). Darcy's law is only valid under a limited range of low 
velocities or for slow viscous flow (most groundwater flow cases fall in this 
category). Typically any flow with a Reynolds number less than one is clearly 
laminar, and it would be valid to apply Darcy's law. However, experimental tests 
have shown that flow regimes with Reynolds numbers up to 10 may still be Darcy 
flow, as in the case of groundwater flow (Zeng and Grigg, 2006). 
According to Nield and Bejan (2006), fluid flows which comply with Darcy's 
law must have four characteristics. The first feature; the flow will not occur if there 
is no pressure gradient. Secondly, the pressure gradient causes flow from high 
pressure areas to low pressure areas. Third feature is the flow rate increases if the 
pressure gradient increases. While that, the last characteristic is the flow rate varies 
depending on the direction or shape of the material absorbed by it. 
There is considerable evidence that non-Darcy flow occurs in many 
subsurface systems, such as in the flow near wells of oil or gas production, and liquid 
waste injection. The effects of non-Darcy or high-velocity flow regimes in porous 
media have been observed and investigated for decades. Non-Darcy flow is typically 
observed in high-rate gas wells when the flow converging to the wellbore 
reaches flow velocities exceeding the Reynolds number for laminar or Darcy flow, 
and results in turbulent flow. 
1.9 Carbon Nanotubes 
Carbon is one of the most abundant substances on earth. Carbon material can be 
easily found and very useful in human life. Carbon materials have a variety of 
different structural forms (termed allotropes). Charcoal and graphite, the main 
ingredient of pencil and diamond are examples of well-known allotropes of carbon. 
Unlike the previous three carbon materials, Carbon nanotubes (CNTs) are the 
recently discovered allotrope of carbon.  Carbon nanotubes (CNTs) has become one 
of the most intensively studies in various fields of research and responsible as the 
stepping stone to the nanotechnology revolution. This material is considered as the 
technology of the future for their nano-scale dimensions, wide domain of uses and 
applications and most importantly their outstanding material properties.  
Carbon nanotubes is formed by one-atom thick layer of carbon, called 
graphene. These sheet is rolled up into a scroll or cylinder terminated at each end by 
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one-half of a buckminster-fullerene molecule (see figure 1.4). The name is derived 
from their size, since the diameter of this material is approximately ranging from 1 
nm up to 50 nm (50,000 times smaller than the width of a human hair), while they 
can be up to several centimeters in length. The aspect ratio of its length and diameter 
exceeding 10
7
 causes it to appear as a one-dimensional material. Carbon nanotubes 
were found by a physics professor from Japan, Sumio Iijima, in 1991. 
 
 
Figure 1.4: Formation of carbon nanotubes from graphene sheet. 
1.9.1 Classification of Carbon Nanotubes 
Carbon nanotubes can have a single outer wall of carbon (SWCNTs) or they can be 
made of multiple walls (MWCNTs) (see Figure 1.5): 
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Figure 1.5: Types of carbon nanotubes 
 
Single-walled Carbon Nanotubes (SWCNTs) 
This structure has a diameter of approximately 1 nanometer with tube length of up to 
a million times more than its diameter. There are three different structures of single-
walled nanotubes: armchair, zigzag and chiral. These structures depend on the 
direction of the graphene sheet which is wrapped into a cylinder. A mathematical 
way to define the types of SWCNTs would be either through the tube’s chiral angle, 
 (see Figure 1.6a) or the chiral vector, Ch (see Figure 1.6b). Chiral vector is 
represented by a pair of indices (n,m) with the integer n and m denoting the number 
of unit vectors along two directions in the honeycomb crystal lattice of graphene 
(Choi and Zhang, 2015) 
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Figure 1.6a: SWCNT structures based on rolling angle (chiral angle) of the graphene 
sheet. 
 
 
Figure 1.6b: SWCNT geometric structures base on chiral vector, Ch of rolled up the 
graphene sheet. 
 
(a) If m = 0, the single walled nanotubes are called Zigzag. In these structures the 
graphene sheet is rolled up along a vector smaller than the chiral angle.  
(b) If n = m, the single walled nanotubes are called Armchair. In these structures 
the graphene sheet is rolled up along a vector greater than the chiral angle. 
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(c) The single walled nanotubes are called Chiral as it is rolled up on the chiral 
vector 
   (Harris, 2009; Kalpna, 2014) 
Multi-walled Carbon Nanotubes (MWCNTs) 
Multi-walled carbon nanotubes (MWCNTs) consist of multiple rolled layers of 
graphene sheet. In other word, MWCNTs composed of several SWCNTs with 
different diameters. The diameters of MWCNTs are typically in the range of 5 nm to 
50 nm. The space between each carbon cylinder in MWCNT closer to the distance 
between graphene layers in graphite, approximately 0.352nm (Mario, 2001), as 
illustrated in Figure 1.7. The structure of MWCNT is less well understood due to its 
structural complexity and variety compared to SWCNTs. 
 
 
Figure 1.7: Graphical representation of Multi-walled carbon nanotubes (MWCNTs) 
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1.9.2 Properties of Carbon Nanotubes 
Since their discovery in 1991, carbon nanotubes have been of great interest, both 
from a fundamental point of view and for future applications. The most eye-catching 
features of these structures are their mechanical, electronic and thermal properties. 
Mechanical properties 
Characterization done by Iijima indicates that CNTs are one of the strongest and 
stiffest materials discovered in nature (Harris, 2009). Carbon nanotubes possess 
higher tensile strength than steel and Kevlar. Tensile strength is the maximum 
stress that a material can withstand while being stretched or pulled before failing or 
breaking. This strength results from the sp2 bonds formed between the individual 
carbon atoms. This bond is 33% stronger than the sp3 bond found in diamond 
(Tom’anek, 2008). Experiments done by a research group at Washington University 
in St. Louis have proven the tensile strength of nanotubes can be up to 63 GPa 
(equivalent to 6,422 kilograms on a cable), around 50 times higher than steel 
(Killenberg, 2000).  
Theoretically, single-walled carbon nanotubes have a tensile strength 
hundreds of times stronger than steel (currently able to withstand stretching up to 
1.55 GPa) (Mario, 2001). Carbon nanotubes are not only strong, they are also elastic. 
An experiment from the North Carolina State University (NCSU) reported that CNTs 
are able to bent, twist, kink, and finally buckle without damaging the nanotube, and 
the nanotubes will return to its original structure when the force is removed (Harish, 
2013). Elasticity in both single and multi-walled nanotubes is determined by Young's 
modulus or elastic modulus or modulus of elasticity. Young’s modulus is a measure 
of the stiffness of an elastic material. The Young modulus value of SWCNT is 
estimated as high as 1Tpa to 1.8 Tpa, which is five times higher than steel (Kalpna, 
2014). Under high pressure, individual carbon nanotubes can bond together, trading 
some sp² bonds for sp³ bonds. This gives the possibility of producing long nanotubes 
wires (Scoville, 2015). 
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Table 1.1:  Mechanical Properties of Engineering Fibers (Nandy, 2013) 
Fiber Material Specific 
Density 
E (TPa) Strenght 
(GPa) 
Strain at Break 
(%) 
Carbon Nanotube 1.3 - 2 1 10 - 60 10 
HS Steel 7.8 0.2 4.1 < 10 
Carbon Fiber - PAN 1.7 - 2 0.2 - 0.6 1.7 - 5 0.3 - 2.4 
Carbon Fiber - Pitch 2 - 2.2 0.4 - 0.96 2.2 - 3.3 0.27 - 0.6 
E/S - glass 2.5 0.07 / 0.08 2.4 / 4.5 4.8 
Kevlar* 49 1.4 0.13 3.6 - 4.1 2.8 
Electrical properties 
Besides being extremely strong, the electronic properties of carbon nanotubes are 
also extraordinary. Since single graphite sheet is considered to be a semi-metal, 
which means that it possesses properties between metals and semiconductors, CNTs 
can also be metallic or semi-conducting in their electrical behavior. Electrical 
properties owned by the carbon nanotubes are determined by how the graphite sheet 
is "rolled" into tube called as the chiral vector. For a given (n,m),       , the 
nanotube is metallic if i is integer, and if i is non-integer the nanotube is 
semiconductor. Thus all armchair nanotubes are metallic and besides others is 
semiconductor. When the nanotubes act as conductors, it has very high 
conductivities. Theoretically, it is estimated that metallic carbon nanotubes can carry 
an electrical current density of 4 × 10
9
 A/cm
2 
(Ghosh, 2013) which is more than 
1,000 times greater than metals such as silver and copper (Kalpna, 2014). It is not 
possible on a copper material because the heat will melt the copper. Copper wire 
burn at about 1 million A/cm
2
. (Ghosh, 2013). 
Thermal properties 
Crystalline carbons display the highest measured thermal conductivities of all known 
materials. For pure diamond the thermal conductivity, k, is 2000-2500 Wm
-1
K
-1
, 
while for graphite, the conductivity at room temperature can reach 2000 Wm
-1
K
-1 
(Harris, 2009). Due to the strong carbon-carbon chemical bonding, the thermal 
conductivity of carbon nanotubes appears superior to that of all materials including 
diamond. Carbon nanotubes are able to transmit up to 6000 W·m
−1
·K
−1
 at room 
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temperature, which is 15 times the amount of copper, a well-known metal for its 
good thermal conductivity that can only transmit 385 W·m
−1
·K
−1
. Besides that, 
carbon nanotubes are extremely stable at high temperatures. The temperature 
stability of carbon nanotubes is estimated to be up to 2800
o
C in vacuum and about 
750
o
C in air. Typical metallic conductors melt at temperature between 600
o
C and 
1000
o
C (Salvetat, 1999; Kalpna, 2014; Prabhakar, 2007). Because of this, carbon 
nanotubes is proven to be a very good thermal conductor. 
Table 1.2: Transport Properties of Conductive Materials (Nandy, 2013) 
Material Thermal Conductivity 
(W/m.k) 
Electrical Conductivity 
Carbon Nanotubes > 3000 106 – 107 
Copper 400 6 x 107 
Carbon Fiber - Pitch 1000 2 - 8.5 x 106 
Carbon Fiber - PAN 8 - 105 6.5 - 14 x 106 
Application of Carbon Nanotubes 
Since their discovery in 1991, carbon nanotubes play a major role in nanotechnology 
due to the amazing property combination. Their high mechanical strength, combined 
with high electrical and thermal conductivity allows the formation of strong, 
transparent yet electrically and thermally conductive materials (Tom’anek, 2008). 
Advantages from the combination of carbon nanotube properties include (Tien, 
2012; Ghosh, 2013; Scoville, 2015): 
 Extremely small and lightweight, making them excellent replacements for 
metallic wires. 
 Resistant to temperature changes (CNTs function well in extreme cold and 
extreme heat). 
 Resources required to produce CNTs are plenty and can be made with only a 
small amount of material. 
 Able to be manipulated but remain strong. 
 Very high tensile strength (100 times stronger than steel per unit of weight). 
 Highly flexible and elastic. 
 High aspect ratio. 










